ABSTRACT We evaluated the effects of snow cover and debris cover on overwintering success of Aphthona from 2001 to 2004 in southeast North Dakota. Chill degree-days, soil temperature, and duration of soil temperatures were monitored in Þeld plots. Emergence of Aphthona from soil cores collected in October and held in the laboratory under simulated winter conditions did not differ across treatments. Field emergence of Aphthona was signiÞcantly reduced compared with emergence of Aphthona in the laboratory under simulated winter. Snow cover protected overwintering of Aphthona during 3 yr. Overwintering success was 77Ð94% lower in no-snow plots than in snow plots except in 2002. In 2001, when the soil temperature was as low as Ϫ4.4ЊC, 90% of the Aphthona beetles emerged from snow-covered plots. The ranges of winter temperature and winter period for overwintering Aphthona were determined as Ϫ5.0 Ð 4.5ЊC and 56 Ð132 d, respectively, by using linear regression. A negative linear relationship between soil temperature and winter period may help predict the minimum needed overwintering period at a given winter temperature. Warmer temperatures during the winter of 2002 caused snow to melt in the snow plots, which led to excessive moisture that seemed to reduce overwintering success of Aphthona in those plots. Overall emergence was too low to conduct statistical procedures in 2003 and 2004 because of temperature extremes and warm periods during the winters that may have caused Aphthona to break diapause prematurely.
Aphthona species (Coleoptera: Chrysomelidae) were introduced to the northern Great Plains of North America during the mid-1980s as biological control agents for leafy spurge (Euphorbia esula L.) Mundal 1990, Hansen et al. 1997) . In many areas, these beetles have successfully reduced leafy spurge to a nonweed status (Rees et al. 1996 , Hansen et al. 1997 , Kirby et al. 2000 . However, Aphthona have not been effective at some sites (Rees et al. 1996 , Hansen et al. 1997 , perhaps because of reduced development and survival or poor overwintering success. Several factors might limit the success of Aphthona as biological control agents at these sites including unfavorable temperature, moisture, groundcover, or duration of winter conditions Schroeder 1995, Skinner et al. 2004) .
The Aphthona spp. studied in this experiment are univoltine. Flea beetles emerge in early June and feed on leafy spurge foliage for the next 3Ð 4 mo (Maw 1981 , Gassmann et al. 1996 , Hansen et al. 1997 . Females begin to oviposit soon after emergence, placing their eggs in cracks of soil near the stems. Larvae feed on leafy spurge roots, and in fall, they enter diapause and overwinter in soil near the roots. The following spring, they resume feeding on the roots until they pupate in mid-to late May (Maw 1981 , Gassmann et al. 1996 , Hansen et al. 1997 . Larvae require 2Ð3 mo of low temperatures (4 Ð10ЊC) to trigger pupation to complete the life cycle (Maw 1981) . Skinner et al. (2004) reported that a 60-d period at 3ЊC is required for Aphthona beetles to complete their development. However, winter soil temperatures in the Great Plains can fall well below the temperatures suggested by Maw (1981) , and periods of very low temperatures can be substantially longer than the 60-d overwintering period suggested by Skinner et al. (2004) ; this might threaten overwintering survival of Aphthona. In addition, beetles are exposed to desiccation and ßooding during the winter. Physiological changes that occur during diapause are triggered by biotic and abiotic factors such as photoperiod, thermoperiod, food quality, and host physiology. Freezing is avoided during diapause by accumulating cryoprotectants such as polyols, sugars, and other antifreeze proteins that depress the supercooling point (Duman et al. 1982) .
The role of winter conditions on overwintering success of Aphthona beetles is not yet clear. Understanding the dynamics of Aphthona populations under the extreme winter conditions of North Dakota is important for predicting the levels of biological control of leafy spurge in the northern Great Plains region. Therefore, we evaluated the role of groundcover, soil temperature, and winter period on overwintering success of Aphthona beetles.
Materials and Methods

Field Study
This study was conducted from 2001 to 2004 on a range pasture located in southeast North Dakota, Ϸ15 km south of Valley City in Barnes County (T.139, R58W, sec.27; 46Њ81Ј N, 97Њ97Ј W). The range pasture was infested with leafy spurge and had an established population of Aphthona beetles, predominantly A. lacertosa (Ͼ90%). Barnes County is in the drift prairie region of North Dakota and has a subhumid continental climate and Mollisol soil (Godfread 1976 (NDAWN 2004) , and snow accumulation averaged 87.2 cm for the study region (NOAA 2001Ð2004) .
Procedures. In 2001 and 2002, 12 10-m 2 plots were established in a completely randomized design. Two treatments, snow and no-snow cover, were replicated six times. In most cases, snow was removed from nosnow plots with a snow shovel within 24 h of each snow event. Occasionally, removal was delayed up to 7 d because of the remote location of the plots and severe weather conditions during the North Dakota winter that prevented access. In 2003 and 2004, an additional 12 plots were established to include debris (ground cover) as a factor. Treatments consisted of debris or no-debris cover, which resulted in four treatment combinations of the two factors (snow and debris). Debris was mowed and raked off the no-debris plots in early to mid-October of each year. Soil temperatures were monitored with temperature data loggers (StowAway TidbiT loggers; Onset Computer, Pocasset, MA). Data loggers were placed 10 cm below the soil surface in each plot to record hourly temperatures starting on 1 November and continuing until emergence of Aphthona beetles in mid-June. The total number of days from the Þrst to the last day when soil temperature was Յ0ЊC was termed the winter period (WP). All soil temperature readings taken during the WP were averaged to calculate winter temperature (WT). We also determined chill period (CP), the most consecutive days for which soil temperature remained Ͻ0ЊC, and chill temperature (CT), the average of all soil temperature readings taken during the CP. Chill degree-days (CDD) were accumulated for the winter period (WP) when daily temperatures were negative (i.e., Ͻ0ЊC).
To estimate overwintering survival of the Aphthona population, soil cores containing leafy spurge stems were taken from each plot at two timesÑlate October and late MayÑwith a golf-cup cutter (10 cm diameter by 15 cm deep). At each sample time, three soil cores were collected and inserted individually into cardboard tubes (Custompapertubes, Cleveland, OH). The October cores were stored at 4 Ϯ 1ЊC for 75 d, a temperature and duration within the range suggested by Maw (1981) . This served to simulate a mild, uniform winter in the Þeld. Cores were placed in the laboratory, maintained at room temperature (22 Ϯ 1ЊC and 24:0 h L:D), and monitored for Aphthona emergence. An inverted black funnel with a collection trap attached to the spout was placed over the cardboard tubes. Collection traps were monitored daily for emerging Aphthona beetles. The October sample was taken to measure the uniform presence of Aphthona larvae in different plots and to determine their potential overwintering survival.
The May sample was taken to determine the effect of winter conditions on Aphthona emergence and to measure actual overwintering survival of the larvae under Þeld conditions. These samples were held in the laboratory at room temperature and monitored for emergence.
Data Analysis. A paired t-test was used to compare potential and actual overwintering survival of Aphthona. Effect of debris cover (or its interaction with snow cover) on Aphthona emergence was not significant during the study period (2003: F ϭ 0.94; df ϭ 1,20; P ϭ 0.34; 2004: F ϭ 1.22; df ϭ 1,20; P ϭ 0.28). Therefore, debris treatment was removed from the reported data analysis. Effects of snow-and no-snow cover treatment on Aphthona Þeld emergence and on soil temperatures were analyzed by one-way analysis of variance (ANOVA) for complete randomized design (SAS Institute 2001). Treatment means were separated by Fisher protected least signiÞcant difference (LSD) procedure at P Յ 0.05 (SAS Institute 2001) .
The relationship between Aphthona Þeld emergence and Þeld temperatures was determined by linear regression for WP, CP, WT, and CT. When the regression model was signiÞcant, Þeld emergence was plotted as a function of mean WT to estimate the lethal low temperature threshold. The low threshold for WT was estimated by setting emergence to zero and solving for soil temperature in the linear regression equation (WT [ЊC] ϭ Ϫa/b; a, intercept; b, slope) (Arnold 1959) . Lethal thresholds for CT, WP, and CP were similarly estimated. SE of the x-intercept for temperature data were calculated as described by Steinmaus et al. (2000) .
Laboratory Study
Results of the 2000 Ð2001 Þeld study (actual emergence) were further evaluated in two laboratory studies conducted in 2004: one with three soil temperatures and one with three overwintering durations.
Procedures.
On 27 October 2004, after Aphthona larvae had entered their overwintering phase, 45 soil cores were removed from the pasture that was also used for the Þeld study. Soil cores were set as described earlier and assigned to three temperature treatments: 1, Ϫ1, and Ϫ3 Ϯ 0.5ЊC. Fifteen cores for each temperature treatment were arranged on racks (considered replications) in three separate temperature chambers (5 samples ϫ 3 replications ϫ 3 treatments). Soil cores were held at these temperatures for 11 wk, which corresponds to the diapause duration used in the Þeld trials.
On 27 October 2004, another 75 soil cores were removed from the same pasture. Soil cores were set up as described earlier, and 25 of them were assigned to each of three growth chambers with different storage durations: 10, 11, and 12 wk. Soil cores were held at Ϫ1ЊC because the highest emergence of Aphthona was observed at that temperature during the Þeld trial in 2001.
In both laboratory studies, soil temperatures were lowered at the rate of 1ЊC /h until the designated temperature was obtained for each treatment. Temperatures in soil cores were monitored by randomly placing a data logger in one soil core per replicate at a depth of 5Ð10 cm; data loggers were set to record temperature hourly.
At the end of the treatment regimens, soil cores were moved to the laboratory and maintained at 22 Ϯ 1ЊC and 24:0-h L:D for Aphthona emergence.
Data Analysis. Data collected from soil temperature and temperature duration studies were analyzed by two-way ANOVA in a randomized complete block design (SAS Institute 2001). Treatment means were separated by Fisher protected LSD at P Յ 0.05 (SAS Institute 2001).
Results and Discussion
Overwintering Success. Emergence of Aphthona under uniform laboratory conditions (potential emergence estimated from October soil samples) did not differ signiÞcantly across the snow or no-snow treatments for any of the 4 study yr (Fig. 1) . This conÞrmed that Aphthona populations were uniformly distributed across the study site. Although we had reasonable infestation of Aphthona across the 4 study yr, emergence was slightly lower in the third and fourth year than in the Þrst 2 yr. Compared with potential (laboratory) emergence, actual (Þeld) emergence in snow plots was signiÞcantly reduced only in 2003 (t ϭ Ϫ5.0; df ϭ 11; P Ͻ 0.001) and not in the other 3 yr (Fig.  2) . In no-snow plots, actual emergence was signiÞ-cantly reduced in 2001 (t ϭ Ϫ3.3; df ϭ 11; P Ͻ 0.029), 2003 (t ϭ Ϫ2.55; df ϭ 11; P Ͻ 0.013), and 2004 (t ϭ Ϫ2.35; df ϭ 11; P Ͻ 0.038; Fig. 3) . In other words, snow cover increased overwintering survival of Aphthona in 2001, 2003, and 2004 . Overwintering success was 77Ð 94% lower in no-snow plots during the study period except in 2002 (a mild winter). Therefore, we conclude that Aphthona populations can suffer signiÞcant overwintering mortality and that suitable snow cover can provide protection against the lethal winter temperatures of North Dakota.
Effect of Snow Cover on Aphthona Emergence and the Winter Parameters. Winter conditions and overwintering mortality in the northern Great Plains seemed to limit establishment of introduced Aphthona beetles in this region (Fig. 4) .
In the winter of 2001, Aphthona successfully overwintered in snow-covered plots despite lower-thanaverage ambient temperatures caused by snow cover (F ϭ 12.0; df ϭ 1,10; P Ͻ 0.007; Table 1; Fig. 4) . Greater-than-average snow accumulation was recorded during the winter of 2001. The insulating prop- erties of snow are well known (Fuller et al. 1969 , Werner 1978 , and during the winter of 2001, all Þve winter thermal parameters were signiÞcantly different between the snow and no-snow treatments (Table 1) . Soil temperature (CT and WT) and the length of soil temperatures (CP and WP) seemed to be important parameters that correlated to overwintering success of Aphthona beetles. The CP and WP were signiÞcantly different between treatments only during 2001 (F ϭ 27.2; df ϭ 1,10; P Ͻ 0.0004; and F ϭ 50.6; df ϭ 1,10; P Ͻ 0.0001, respectively). CDDs, CT, and WT were higher in no-snow plots during 2001, 2003, and 2004 (Table 1) . The winter of 2002 was a relatively mild, and none of the winter parameters were signiÞcantly different between treatments that winter.
The relatively higher emergence (F ϭ 6.0; df ϭ 1,10; P ϭ 0.07) of Aphthona beetles from no-snow plots during 2002 seemed to be caused by the warmer-thanaverage winter (Table 1) . Winter temperatures in unprotected plots were similar to temperatures recorded in snow-covered plots during the previous winter (Table 1) . Conversely, poor overwintering success of Aphthona beetles in the snow-covered plots seemed to be associated with greater-than-average air temperatures that caused any snow accumulation to melt during this winter. Excess soil moisture caused by snow melt may have been deleterious to the overwintering larvae in the snow-covered plots, reducing their ability to resist freezing (Bale 1980, Bale and Smith 1981) . This may explain why no correlation was seen between Aphthona emergence and the winter parameters during 2002.
In 2003 and 2004, low Þeld emergence of Aphthona was observed. During these 2 yr, soil temperatures (CT and WT) and the length of soil temperatures (CP and WP) approached or exceeded calculated survival thresholds for Aphthona (Table 2 ). Debris treatment did not add to snow cover protection (data not presented). It is likely that insect development or emergence rate responds to actual temperature extremes and not just seasonal means. Therefore, it may be useful to look at actual temperature ßuctuations during the North Dakota winter ( CDD, accumulated chill degree days were calculated by adding negative heat units when daily average soil temperature was Յ0ЊC during winter period; chill temperature, average soil temperature during chill period; chill period, largest spell of consecutive days when soil temperature was continuously Յ0ЊC; winter temperature, soil temperature during winter period was averaged to calculate winter soil temperature; winter period, total no. of days from the Þrst to the last day when soil temperature was Յ0ЊC; NS, not signiÞcant. of Ϫ5.5ЊC under laboratory conditions (Maw 1981, Sommer and Maw 1982) . From this lower threshold, overwintering survival of Aphthona in the Þeld had a positive linear relationship with increasing soil temperature up to Ϫ1ЊC (WT). The laboratory study further conÞrmed the increased survival of overwintering Aphthona with increasing temperatures from Ϫ3 to 1ЊC (Fig. 5) . Maw (1981) determined that at 4ЊC, Aphthona beetles require a minimum cold period of 56 d to overwinter. We could verify this because the WP exhibited a strong inverse relationship with WT (F ϭ 37.9; df ϭ 1,10; P Ͻ 0.001, r 2 ϭ 0.79). This relationship can be expressed with the following equation:
This regression equation can be solved to determine overwintering temperature (ϭWT ЊC) for any given period. When solved for 56 d, the minimum overwintering period (ϭWP) reported by Maw (1981) , winter temperature was 4.5ЊC. This might be the maximum temperature at which Aphthona beetles can successfully overwinter. Therefore, the range of linear response of overwintering Aphthona survival is expected to occur between Ϫ5.0 and 4.5ЊC, with survival increasing at increasing temperatures. Maw (1981) conducted his study under laboratory conditions, whereas regression equation 1 is based on the Þeld data. There is a difference of only 0.5ЊC between the two estimates. Actual emergence of Aphthona was best explained by the negative linear relationship between emergence and WP (r 2 ϭ 0.8; Table 2 ). From a higher lethal threshold of 132 d (Table 2) , the overwintering survival rate of Aphthona beetles increased with decreasing WP. The laboratory study conÞrmed this negative relationship of survival rate to decreasing overwintering period down to 70 d (10 wk; Fig. 5 ). Increasing overwintering period may interfere with winter survival of Aphthona beetles through availability of moisture, fat reserves, and antifreeze (Skinner et al. 2004) . Considering the inverse linear relationship of soil temperature and WP, equation 1 can be solved to determine minimum overwintering period. When the equation is solved for a WP at 4ЊC, the overwintering temperature used by Maw (1981) to maintain Aphthona colony in his laboratory, we calculate Aphthona survival to increase with decreasing WP down to 60 d. In 2002, the regression model was not signiÞcant. In 2003 and 2004, the beetle population was too low to conduct statistical procedures. CDD, accumulated chill degree days were calculated by adding negative heat units when daily average soil temperature was Յ0ЊC during winter period; chill temperature, average soil temperature during chill period; chill period, largest spell of consecutive days when soil temperature was continuously Յ0ЊC; winter temperature, soil temperature during winter period was averaged to calculate winter soil temperature; winter period, total no. of days from the Þrst to the last day when soil temperature was Յ0ЊC. (Table 3 ). The rate of cooling and the rate of warming can affect overwintering success as much as actual temperature and length of cold period. In 2001, there were no early breaks in subfreezing temperatures like those seen in subsequent years (Table 3) . Presumably, differences in environmental conditions, leafy spurge densities, and leafy spurge dispersion among study years may have affected beetle populations.
Winter temperature and WP best explained actual emergence of Aphthona in 2001. However, CDD, CT, and CP also had a fair correlation to Þeld emergence of Aphthona (Table 2 ). There could be a winter situation for which these estimates would be more useful. To our knowledge, this is the Þrst attempt to determine lethal thresholds for WT and WP for overwintering survival of Aphthona. Although results of this research and weather conditions varied during the study period, information gathered in this project can improve our understanding of overwintering conditions that may limit Aphthona establishment in the temperate region of North America. Further study is needed regarding how snow melt and breaks in cold temperatures affect overwintering success of Aphthona beetles. 
